Abstract -A novel gyroscope using circulatory electrohydrodynamics flow in a confined space is presented for the first time. The configuration of the new gyroscope includes three point-ring corona discharge actuators that generate ion flows in three separated sub-channels. The three ion flows then merge together when going through a nozzle of the main chamber entrance and create a jet flow. In the new configuration, the residual charge of ion wind flow is removed by a master-ring electrode located at one end of the main chamber. Under the effect of the angular speed of gyroscope, the jet flow is deflected and this deflection is sensed using hotwires. The results, which are consistently acquired by both the numerical simulation and experiment on our prototypes, demonstrate the repeatability and stability of the new approach. Since the ion wind can be generated by a minimum power, the present configuration-based device does not require any vibrating component. Thus, the device is robust, cost, and energy-effective.
thermal convection from a locally heated region [10] . In spite of efforts, those techniques are either instable while working with a linear acceleration or complicated in design [11] . The ion wind corona discharge can be applied to develop angular rate sensors, where a flow is able to freely vibrate in threedimensional space by the inertial force. However, when the ion wind circulates inside a hermitical space, the residual charge yields a reversed electrical field which damages the corona discharge process. Although the use of ion wind in angular rate sensors was mentioned in several intellectual disclosures [12] - [14] , its technical documentation was not sufficiently presented.
In this work, a novel design for ion wind generating device is proposed and applied in angular rate sensing. For this approach, a closed system based on ion wind principle with multiple point-ring electrodes is developed for inertial sensing applications. A master ring is introduced into the new system to neutralize the residual charge. The present device is firstly simulated for an initial design and possible estimation of the system characteristics. A gyroscope prototype is then manufactured using commercially available components.
The evaluations with regard to the mentioned advantages of corona discharge jet flow are also carried out while studying the properties of the present gyroscope prototype.
II. MECHANISM AND EXPERIMENTAL SET-UP
The main component of the present gyroscope is a fluidic network consisting of three ion wind cylindrical channels with dimension 5 mm × 10 mm (diameter × length) each. The channels connect together before being linked to a working chamber (dimension: 12 mm × 15 mm) by a nozzle at the device center where hotwires are installed. One corona actuator with a pair of stainless steel SUS304 pin-ring is installed in each ion wind channel (see Fig. 1(a) ). By an applied high voltage, charged ion winds are generated in channels and then propagate toward the nozzle where they merge together to create a jet flow moving through the working chamber. The ion jet flow then circulates back to each and every wind channels to be accelerated. A cylindrical masterring with 10 mm diameter is set-up at the downstream end of working chamber to eliminate the residual charge of ion winds and hence stabilize ion flow while the corona is discharging. An image of sensor prototype is given in Fig. 1(c) .
When the gyroscope is subjected to an angular rate, an induced Coriolis force deflects ion winds in the working chamber as schematized in Fig. 1(b) . In order to detect this 0741-3106 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. deflection, four tungsten hotwires are symmetrically installed surrounding the centerline of working chamber at a distance of 2.5 mm in a plane located 15.0 mm away from the nozzle as shown in Fig. 1 
(a).
Hotwires are connected to an electric circuit integrated into the device to capture signals by the voltage variations measured on them using NI9234 data acquisition module with a sampling rate of 25.6 kHz and NI Signal Expressdata logging software (National Instrument Ltd). In this work, Glassman EH10R10 to apply high voltages between pin-ring electrodes and an ampere-meter M244T41 with scale of 10 μA to measure the current variation of the system are used. The measurement circuit is presented in Fig. 1(d) .
III. RESULTS AND DISCUSSION
The current-voltage (I-V) characteristics of each and the whole three pairs of pin-ring electrodes are determined using a measurement circuit as shown in Fig. 1(d) . The I-V relationships of corona discharge depict the discharge current increases with the increase of applied voltage. However, while the relationships measured on the three pairs of pin-ring electrodes are nonlinear and nearly the same (Fig. 2(a) ), the I-V characteristics of the whole system is quasi-linear as observed in Fig. 2(a)-(b) . Moreover, experimental observations in Fig. 2(b) found that an additional discharged current induced by the ion wind when the master ring is activated by connecting with ground. In fact, the gradient of I-V curve of the grounded master ring is steeper than one of the floating master ring. This depicts a significant effect of the grounded master ring on the I-V characteristics of each pair of ping-ring electrodes and then the whole system. Experimental results by Fig. 2(b) show an increase of more than 25% for the discharge current when the master-ring is in-used. The I-V characteristics of the new system is also studied using the empirical Townsend relationship (I/V∝V). This method was initially applied in the coaxially cylindrical configuration. The approach was then developed for several other electrode configurations including the point-to-ring [14] as I = A×V(V-V 0 ), where I is the discharge current; V the applied voltage; V 0 the inception voltage for the corona; and A coefficient depending on the electrode geometry and ion mobility (μ). The I-V characteristics by Townsend relationship of the present configuration is presented in Fig. 2(c) with a coefficient A = 0.383 μA/kV 2 .
A numerical analysis of the circulatory EHD flow in the present gyroscope is also carried out. The simulation is a multi-physical problem related to (i) the electrical field which induces the migration of ions within the inter-electrode region; (ii) the interaction between ion winds and air flow in working channel; and (iii) the motion of air flow in the gyroscope. Under the effect of electric field, ion wind generated from pin electrodes moves and then drifts air flow which, in turn, is redistributed itself across the domain under consideration.
The electric field E is governed by the Poisson equation as ∇. E = −∇ 2 V = q/ 0 , where 0 is the permittivity of free space and q the total charge.
The corona discharge is set up as the boundary condition on electrodes' surfaces. Assume that the charge density q s on electrodes' surface is a function of the discharge current I as q s = I/ (μE on A), where A is the total area of electrodes from which the electric field is generated with a magnitude greater than the onset electric field E on = 3.23 × 10 6 V/m [15] ; and the discharge I is referred from the I-V characteristics (Fig. 2) . Neglecting the permittivity gradient, di-electrophoretic and electrostriction forces, only the Coulomb force f e f e = q E by the electromagnetic field is introduced into Navier-Stokes equation in considering the incompressible air flow.
Simulation results confirm the flow generated by the corona actuator, which is circulated back to electrode pins through the three subsidiary channels. The ion flow keeps its jet shape after getting out of the nozzle.
In a point-ring configuration, the velocity U of ion wind is estimated from the discharge current I as U =k √ I/ρμ [15] where k depends on the electrode discharge area and the inter-electrode distance; μ = 1.6 × 10 −4 m2·V −1 ·s −1 the ion mobility; ρ = 1.2041 kg·m −3 the air density; and I (I = μA) the discharge current. In this work, k is chosen 0.014 m −1/2 for the equal inter-electrode distance [16] , [17] . The velocity of ion flow in each channel is estimated 1.01 m/s (detailed estimation can be found in [15] ) which is in good agreement with the simulated result (∼1 m/s). Experimentally, the velocity of ion flows is determined using four hotwires heated by a current of 0.2A. Figures 3(a) & (b) present the time evolution of output voltage measured on a pair of hotwires that is installed symmetrically about the jet flow axis at 7.0 mm away from the nozzle (Fig. 1(a) ). Experiment shows a discharge voltage of 2.5 kV applied on pin electrodes (corresponding to a discharge current of 5.4 μA) yields a sharp increment of the output voltage on hotwires. The observation also find that the rise time counted from the corona ignition to the stable detection is about 0.34s as depicted in Fig. 3a . This confirms an existence of flow circulation in the device. Interestingly, the ion wind velocity is stable after an elapsed time of 10 seconds as shown in the Figs. 3(a) & (b) .
The angular rate sensing is investigated using a turntable on which the device is installed at the turntable center. As the turntable rotates, the jet flow inside the main chamber is deflected. This yields a variation of hotwire temperature which is detected by the output voltage measured on hotwires. Fig. 3(c) represents the time revolution of output voltage on hotwires when the turntable speed steps up from rest to 300 rpm and then steps down to rest. With a sealed and closed configuration, the present device is able to avoid the effect of unexpected turbulences from surrounding atmosphere on the detection of high angular rate. The experimental observations have confirmed the output voltage is stable and repeatable at each step. After completed the testing, the difference of output voltage measured on a hotwire is about 1% as shown in Fig. 3 (c) . With ion wind discharged at 2.5 kV and hotwires heated by 0.2 mA, a scale factor of 44 μV/rpm (7.3 μV/ • /s) for the angular rate sensing is found. Although experimental results are not perfectly linear because of noises by the system which are not completed removed or compensated, they are quasi-linearly fitted with a coefficient of 0.98 as shown in Fig. 3(d) . The sensitivity of the present gyroscope can be comparable with gas gyroscopes using the similar hotwire anemometry as published in [18] . Hence, it is feasible to improve the present device's sensitivity to order of mV/ • /s using a conventional amplifier in order to achieve the performance of typical commercial counterparts [19] , [20] .
It is worth noting that since a humidity variation affects the corona discharge, vapor inside the sensor must be eliminated before packing the device [21] - [23] . Furthermore, gases with high conductivity (such as Helium) used in the gyroscope are preferable for the heat transfer whereas the electronegative gases (O 2 , SF6) are better choices for the ion corona discharge [24] . Thus, a cautious study and relevant recalibration are required for a gas mixture used in the gyroscope. Finally, a compensation circuit with external temperature sensing element would be necessary to mitigate the effect of temperature drift [18] .
IV. CONCLUSIONS
We have reported for the first time the simulation and experimental analysis of the new jet flow based gyroscope. The device is developed using pin-ring ion wind corona discharge method in which a master ring is introduced into the new configuration to stabilize ion flow during the corona discharging. In the gyroscope, the deflection of jet flow caused by Coriolis force induced from the angular rate is detected with a sensitivity of 7.3 μV/ • /s. The present device is robust owing not to require any vibrating component in the new structure. Furthermore, due to low energy consumption, a small battery can be set up in the present gyroscope. Finally, this work is a valuable contribution in developing new sensing techniques and fluidics for several multidisciplinary fields such as microfluidics, analytical chemistry, and "lab-on-a-chip".
